(E)-β-caryophyllene (BCP) is a natural sequiterpene found in many essential oils of spice (best known for contributing to the spiciness of black pepper) and food plants with recognized antiinflammatory properties. Recently it was shown that BCP is a natural agonist of endogenous cannabinoid 2 (CB 2 ) receptors, which are expressed in immune cells and mediate antiinflammatory effects. In this study we aimed to test the effects of BCP in a clinically relevant murine model of nephropathy (induced by the widely used antineoplastic drug cisplatin) in which the tubular injury is largely dependent on inflammation and oxidative/nitrative stress. β-caryophyllene dose-dependently ameliorated cisplatin-induced kidney dysfunction, morphological damage, and renal inflammatory response (chemokines MCP-1 and MIP-2, cytokines TNF-α and IL-1β, adhesion molecule ICAM-1, and neutrophil and macrophage infiltration). It also markedly mitigated oxidative/nitrative stress (NOX-2, NOX-4 expression, 4-HNE and 3-NT content) and cell death. The protective effects of BCP against biochemical and histological markers of nephropathy were absent in CB 2 knockout mice. Thus, BCP may be an excellent therapeutic agent to prevent cisplatin-induced nephrotoxicity through a CB 2 receptor dependent pathway. Given the excellent safety profile of BCP in humans it has tremendous therapeutic potential in multitude of diseases associated with inflammation and oxidative stress.
Introduction
(E)-β-caryophyllene (BCP) is a natural sequiterpene found in many essential oils of spice (e.g. cinnamon, origanum, black pepper, basil and cloves) and food/medicinal plants [1, 2] .
BCP is also often used in cosmetics and is an FDA-approved food additive and component of Cannabis sativa and Sativex, an approved drug in European countries and in Canada [3] . It has well-established anti-inflammatory [1] and antioxidant effects [4, 5] besides its antispasmodic [6] , antiviral [7] and local anesthetic effect [8] . BCP effectively inhibited carrageen-induced paw edema and attenuated LPS-stimulated TNF-α and IL-1β expression in peripheral blood [1] . It has been shown to ameliorate dextrane sulphate sodium-induced colitis [9, 10] and inhibit gastric mucosal injuries induced by necrotizing agents such as absolute ethanol and 0.6 N HCl [11] . The wide availability, easy accessibility of BCP and its wide therapeutic window makes it an excellent candidate for therapeutic intervention.
Cisplatin is a small inorganic platinum agent with strong antineoplastic activity used in many cancer types, such as bladder, cervical, ovarian, lung and testicular cancer. Cisplatin forms highly reactive, charged, platinum complexes which bind to nucleophilic groups such as GC-rich sites in DNA, inducing intrastrand and interstrand DNA cross-links, as well as DNA-protein cross-links [12] . These cross-links arrest DNA synthesis and replication, and in rapidly diving cells (such as cancer cells) lead to DNA damage and consequently result in cell death. As most non-targeted chemotherapeutic agents, cisplatin also has several side effects. The dose-limiting side effect is its nephrotoxicity, and no effective therapy has been developed yet to prevent this complication of the therapy [13] . It is well established that oxidative/nitrative stress and inflammation play a key role in the pathomechanism of cisplatin-induced nephrotoxicity [14] [15] [16] [17] [18] [19] [20] [21] which processes could serve as a good target for BCP.
In this study we aimed to investigate the possible therapeutic effect of BCP in a cisplatininduced nephropathy model. Since BCP has been recently demonstrated selectively and potently activates the cannabinoid 2 (CB 2 ) receptor [1] , which are present in cells of the immune system and predominantly mediate anti-inflammatory effects [22] [23] [24] , we also examined the possible involvement of CB 2 receptors in the actions of BCP using CB 2 knockout mice. This study may have very important clinical significance as (E)-β-caryophyllene (BCP) has been shown to exert antineoplastic effects [4] and potentiate the anticancer activity of the chemotherapeutic drug of paclitaxel [25] by mechanisms that remain unknown.
Material and methods

Animals and drug treatment
All animal experiments conformed to National Institutes of Health (NIH) guidelines and were approved by the Institutional Animal Care and Use Committee of the National Institute on Alcohol Abuse and Alcoholism (NIAAA; Bethesda, MD, USA). Six to 8-week-old male C57Bl/6J mice were obtained from The Jackson Laboratory (Bar Harbor, ME, USA). CB 2 knockout mice (CB 2 −/− ) were as described previously backcrossed to a C57Bl/6J background [26, 27] . All animals were kept in a temperature-controlled environment with a 12-h light-dark cycle and were allowed free access to food and water at all times, and were cared for in accordance with National Institutes of Health (NIH) guidelines. Mice were sacrificed 72 hours following a single injection of cisplatin (cis-diammineplatinum(II)-dichloride 25 mg/kg i.p.; Sigma) as described [16, 18, 28] . (E)-β-caryophyllene was purified by flash column chromatography on silica gel 60/0.015-0.04 mm (Macherey-Nagel), using n-hexan : ethylacetate (50:1) as decribed previously [1] from a ~80% pure natural commercial sample from Sigma-Aldrich (W225207) containing 20% other essential oil components from Syzygium aromaticum (cloves). The final purified product used in this study was >99% pure as determined by GC/MS. β-caryophyllene was dissolved in olive oil and administered at 1, 3 and 10 mg/kg, i.p. daily, starting 2 hours before the cisplatin administration.
Renal function monitoring
On the day of the sacrifice, blood was immediately collected and serum levels of creatinine and Blood Urea Nitrogen (BUN) were measured using VetTest 8000 blood chemistry analyzer (Idexx Lab) [29] .
Histological examination
Following fixation of the kidneys with 10% formalin, renal tissues were sectioned and stained with periodic acid-Schiff (PAS) reagents for histological examination. Tubular damage in PAS-stained sections was examined under the microscope and scored based on the percentage of cortical tubules showing epithelial necrosis: 0 = normal; 1 = 1-25%; 2 = 26-50%; 3 = 51-75%; 4 = >76%. Tubular necrosis was defined as the loss of the proximal tubular brush border, blebbing of apical membranes, tubular epithelial cell detachment from the basement membrane or intraluminal aggregation of cells and proteins as described [28] . For myeloperoxidase (MPO) or 4-hydroxy-2-nonenal (4-HNE) staining slides were deparaffinized, and hydrated in descending gradations of ethanol, followed by antigen retrieval procedure. Next, sections were incubated in 0.3% H 2 O 2 in PBS to block endogenous peroxidase activity. The sections were then incubated with anti-MPO (Biocare Medical, Concord, CA) or anti-4-HNE (GENOX, Baltimore, MD) antibodies overnight at 4°C in a moist chamber. Biotinylated secondary antibodies and ABC reagent were added as per the kit's instructions (Vector Laboratories, Burlingame, CA, USA). Color development was induced by incubation with DAB or by Vector Blue (Vector Laboratories) for 3-5 min, and in the case of MPO staining the sections were counter-stained with nuclear fast red as described [21] . Finally, the sections were dehydrated in ethanol and cleared in xylene and mounted. The specific staining was visualized and images were acquired using microscope IX-81 with 20X, 40X and 100x objectives (Olympus, Center Valley, PA). The morphometric examination was performed in a blinded manner by two independent investigators.
Renal myeloperoxidase activity assay
Myeloperoxidase [MPO, (EC1.11.1.7)] was measured by InnoZyme ™ Myeloperoxidase Activity Kit (EMD Gibbstown, NJ) according to manufacturer's instruction. Myeloperoxidase activities were expressed as fold change compared to the vehicle-treated control sample [28] .
Renal 4-hydroxynonenal (4-HNE) content
4-HNE in the kidney tissues was determined using the kit (Cell Biolabs, San Diego) [18] . In brief, BSA or renal tissue extracts (10 μg/mL) are adsorbed on to a 96-well plate for 12hrs at 4°C. 4-HNE adducts present in the sample or standard are probed with anti-HNE antibody, followed by an HRP conjugated secondary antibody. The HNE-protein adducts content in an unknown sample is determined by comparing with a standard curve.
Renal poly(ADP-ribose) polymerase (PARP) activity and 3-nitrotyrosine (NT) content
PARP activity was determined by assay kit according to the manufacturer's instructions (Trevigen, Gaithersburg, MD, USA) [30, 31] . NT was measured using the NT ELISA kit from Hycult Biotechnology (Cell Sciences, Canton, MA, USA) from tissue homogenates as described [31, 32] . Levels are presented as fold change compared to vehicle-treated control sample.
Detection of apoptosis by renal DNA fragmentation, and caspase 3/7 activity assays
For caspase assay of tissue lysate, caspase-3/7 activity of the lysate was measured using Apo-One Homogenous caspase-3/7 assay kit (Promega, Madison, WI) as described [33, 34] .
An aliquot of caspase reagent was added to each well, mixed on a plate shaker for 1 h at room temperature with light protection, and the fluorescence emission was measured in Victor (Perkin Elmer). The DNA fragmentation assay was based on measuring the amount of mono-and oligonucleosomes in the cytoplasmic fraction of tissue extracts using a commercially available kit (Roche Diagnostics) according to the manufacturer's instructions as described [35] and [27, 36] .
Real-time PCR analyses
Total RNA was isolated from kidney homogenate using Trizol reagents (Invitrogen, Carlsbad, CA) according to manufacturer's instruction. The isolated RNA was treated with RNase-free DNase (Ambion, Austin, TX) to remove traces of genomic DNA contamination. One microgram of total RNA of was reverse-transcribed to cDNA using the Super-Script II (Invitrogen, Carlsbad, CA). The target gene expression was quantified with Power Syber Green PCR Master Mix using ABI HT7900 Realtime PCR Instrument. Each amplified sample in all wells was analyzed for homogeneity using dissociation curve analysis. After denaturation at 95 °C for 2 min, 40 cycles were performed at 95 °C for 10 s, 60 °C for 30 s. Relative quantification was calculated using the comparative CT method (2 −ΔΔCt method : ΔΔCt = Ct sample -Ct). Lower CT values and lower CT reflect a relatively higher amount of gene transcript. Statistical analyses were carried out for at least 6 to 8 replicate experimental samples in each set. 
Statistical analysis
Results are expressed as mean±SEM. Statistical significance among groups was determined by one-way ANOVA followed by Newman-Keuls post hoc analysis using GraphPad Prism 5 software (San Diego, CA). Probability values of P<0.05 were considered significant.
Results
β-caryophyllene (BCP) attenuates cisplatin-induced kidney injury in a CB 2 -receptor dependent manner
BCP pretreatment dose-dependently ameliorated kidney dysfunction as evidenced by the attenuation of the increased creatinine and blood urea nitrogen (BUN) values 72 hours after cisplatin administration reaching significance at 10 mg/kg (Figure 1) . Furthermore, 10 mg/ kg BCP also decreased tubular necrosis as determined by PAS staining of the kidney ( Figure  2 ). CB 2 knockout mice had increased susceptibility to cisplatin nephrotoxicity and BCP was not able to influence this increased kidney dysfunction (Figure 1 ) and the histological damage (Figure 2) , suggesting that the protective action of BCP was mediated through CB 2 . BCP pretreatment alone had no effect in control mice on all variables studied.
β-caryophyllene (BCP) attenuates the inflammatory response in the kidney induced by cisplatin treatment
Cisplatin has greatly increased the mRNA expression of pro-inflammatory chemokines monocyte chemotactic protein-1 (MCP-1/CCL2), macrophage inflammatory protein-2 (MIP-2/CXCL2) and intercellular adhesion molecule 1 (ICAM-1/CD54) ( Figure 3A-D) in the kidney as documented by real-time PCR. These responses were significantly attenuated by the pretreatment of 10 mg/kg BCP (Fig. 3A-C) . Cisplatin enhanced leukocyte infiltration in the kidney demonstrated by myeloperoxidase (MPO) staining ( Figure 4AB , brown staining in infiltrating immune cells) 72 hours after the injection of cisplatin. mRNA expressions of F4/80 (marker of macrophage infiltration; Figure 4C ), as well as of proinflammatory cytokines TNF-α and IL-1β ( Figure 5 ) were also significantly increased after cisplatin administration. BCP markedly reduced the inflammatory cell infiltration and proinflammatory response (Figures 3-5 ).
β-caryophyllene (BCP) attenuates cisplatin-induced increased oxidative and nitrative stress
Reactive oxygen species (ROS) play a key role in the pathomechanism of cisplatin-induced kidney injury. Consistently with previous studies [16, 18, 28] cisplatin significantly increased renal mRNA expression of ROS generating NADPH oxidase enzyme isoforms NOX2 (gp91phox) and NOX4 (renox) ( Figure 6AB ) 3 days after cisplatin administration. Lipid peroxides are unstable indicators of oxidative stress in cells that decompose to form more complex and reactive compounds such as 4-hydroxynonenal (4-HNE), which has been shown to be capable of binding to proteins and forming stable adducts with possible signaling functions [37, 38] . Nitrotyrosine (3-NT) formation was initially considered a specific marker of in vivo peroxynitrite generation, but now it is rather used as a collective index of protein nitration, because other pathways have also been proposed to be involved in its formation (e.g., myeloperoxidase under certain inflammatory conditions [39] [40] [41] [42] . Activated inflammatory cells are known to produce both superoxide via activation of NADPH oxidases and nitric oxide (NO) via activation of iNOS favoring peroxynitrite generation through a diffusion-limited reaction of NO and superoxide [43, 44] . Both reactive oxygen and nitrogen species may lead to increased lipid peroxidation [45] . In kidneys of cisplatin-treated mice we observed markedly increased immunohistochemical staining of 4-HNE ( Figure 7A ), which was also confirmed with quantitative assay from tissues ( Figure  7B ). Nitrotyrosine content was also markedly increased in the kidney after cisplatin treatment ( Figure 7C ). The cisplatin-induced enhanced oxidative and nitrative stress was significantly attenuated by BCP pretreatment (Figures 6-7) .
β-caryophyllene (BCP) attenuates cisplatin-induced enhanced cell death
Reactive oxygen and nitrogen species may activate mitochondrial and poly(ADP-ribose) polymerase (PARP)-dependent cell death pathways leading to both apoptotic or necrotic cell demise [39, 41, 46, 47] , which were also implicated in the pathogenesis of cisplatin-induced nephropathy [16, 18, 21, 28] . Cisplatin increased renal tubular cell apoptosis as evidenced by the increased caspase 3/7 activity in the kidney tissue samples of mice ( Figure 8A ). It also caused a marked increase in DNA fragmentation, and PARP activation ( Figure 8B,C) . Intriguingly, these markers were all attenuated by 10 mg/kg BCP pretreatment.
Discussion
In this study we provide evidence that β-caryophyllene (BCP) is able to markedly attenuate the cisplatin-induced decline in kidney function and ameliorate the observed histological damage, and that this protective effect is mediated through CB 2 receptors since it could be completely abolished in CB 2 receptor knockout mice. The protective effect involves marked attenuation of cisplatin-induced pro-inflammatory response and oxidative and nitrative stress.
The CB 2 receptor is primarily considered to be expressed in immune or various immunederived cells, such as various populations of T and B lymphocytes, leukocytes, monocytes/ macrophages, dendritic cells, mast cells, microglia in the brain, and resident macrophages of the liver (Kupffer cells) [24, 48] . In these cell types synthetic CB 2 agonists and/or endocannabinoids mostly mediate various immunosuppressive effects, which may limit inflammation and associated tissue injury in large number of pathological conditions [24] . Recent studies have also demonstrated existence of low level of CB 2 receptors in gastrointestinal, cardiovascular, bone, various neuronal, liver tissues and/or cell types [24] . Despite the presence, CB 2 receptors appear to play limited (if any) role in normal physiological regulation of these organ systems, consistently with the absence of apparent pathological alterations in normal CB 2 receptor knockout mice [24] . However, under various pathological conditions, such as ischemic reperfusion injury of liver [26, 35, 36, 49] , heart [50] , and brain [51] [52] [53] , other forms of liver damage [54, 55] , colitis [56] [57] [58] , and nephropathy [28, 59] , among many others [24] ), CB 2 receptors may play a significant role in limiting the inflammatory response, oxidative/nitrative stress and consequent tissue injury, and ultimately organ dysfunction [24] . Under these conditions marked dysregulation of the cannabinoid receptors, endocannabinoids and/or their metabolizing enzymes have also been reported [22, 24] . In many of these tissue injury models CB 2 knockout mice respond to insult with aggravated damage compared to their controls [24] , supporting a potential protective role of the endocannabinoid system through CB 2 receptors. The latter is also in agreement with our observation in the current nephropathy model.
Although the exact role of the endocannabinoid system and CB 1/2 receptor in cancer is still a controversial and largely unexplored issue [22, 24] , there are encouraging reports in support of the potential use of various cannabinoid ligands not only as palliative therapy, but also because of their ability to inhibit the growth and metastasis formation of certain types of tumors such as gliomas, tumors of immune origin, and melanomas [24, [60] [61] [62] [63] . The recent recognition of the importance of microenvironment and local inflammation in cancer progression, growth and metastasis formation, may also provide additional rational for exploring the possibility of targeting CB 2 receptors in certain types of tumors [24] .
We have recently shown that activation of the CB 2 receptor can attenuate the inflammation, oxidative/nitrative stress, and cell death in cisplatin-induced nephropathy and proposed this receptor as a potential target to prevent this devastating complication of chemotherapy [28] . Consistently with this observation, a recent study has provided additional support on the protective role of this receptor in a model of diabetic nephropathy [59] . While traditional cannabinoid ligands such as delta-9-tetrahydrocannabinol (THC; an agonist of both cannabinoid 1 and 2 receptors) with central CB 1 receptor activity (CB 1 receptors in CNS mediate the known psychoactive effects of cannabis) are not acceptable to pharmacological development despite their known anti-inflammatory properties most likely via CB 2 receptors expressed in immune cells [22, 24] , BCP seems to be an excellent candidate as it is readily available as a natural compound found in many food plants and it is without any known side effect [64] .
Cisplatin has been shown to cause renal injury via multiple intercalating pathways with central role of inflammation and oxidative and nitrative stress [13-18, 20, 21] , and activation of the CB 2 receptor can interfere with this complex pathomechanism at multiple levels [24] . The proinflammatory cytokine TNF-α, for example plays a key role in the pathomechanism of cisplatin-induced kidney injury [15] . HU-910, a highly specific CB 2 -receptor agonist, was able to attenuate TNF-α production in Kuppfer cells (the resident macrophages of the liver) [36] . As we have seen a significant increase in the marker of macrophage infiltration (F4/80) after cisplatin administration, decreased activation of these cells by BCP could be a possible mechanism of the compound's beneficial effect. Furthermore, activation of CB 2 receptors was also able to attenuate TNF-α-induced ICAM-1 and VCAM-1 expression on endothelial cells and TNF-α-induced NF-κB activation [65] which may also contribute to the antiinflammatory property of BCP. Moreover, BCP attenuate the cisplatin-induced increased mRNA expression of proinflammatory chemokines (which attract inflammatory cells to the site of injury) MCP-1 and MIP-2. These results are in agreement with recent findings in a diabetic nephopathy model [59] , in which activation of CB 2 receptors could ameliorate albuminuria, podocyte protein downregulation, and glomerular monocyte infiltration by interfering with the deleterious effects of MCP-1 signaling [59] . Consistently BCP also markedly attenuated the cisplatin-induced inflammatory cell infiltration and associated oxidative and nitrative stress.
In addition to proximal tubular cells cisplatin is also directly toxic to endothelial cells [66] , vascular injury and ischemia-reperfusion can play a very important role in its pathogenesis. CB 2 receptor activation has been shown to attenuate very effectively hepatic [26, 36, 49] , myocardial [67] , and other forms of ischemia-reperfusion injury (reviewed in [24, 53] ) via attenuation of endothelial cell activation, chemokine signaling, inflammatory cell infiltration and/or activation of these immune cells [24] . These protective effects of CB 2 receptor activation may also be important during vascular injury [65, 68, 69] . Therefore it is quite reasonable to speculate that BCP can also have an indirect effect on kidney injury via attenuating the ensuing damage from renal ischemia.
From a therapeutic point of view it is important to understand if BCP itself is responsible for the protective effects observed in our kidney injury model or its putative CB 2 receptor active metabolites may also play a role. To date the metabolism of BCP is still largely unexplored. The potential metabolites β-caryophyllene oxide and the corresponding diol do not interact with CB 2 receptors (unpublished data) similarly to epoxide [1] , acetate and glycol metabolites reported from rabbits [70, 71] . It is therefore likely that BCP is the major CB 2 agonist and that the pharmacokinetics of this compound largely determines its pharmacological efficacy.
Collectively, we demonstrate that pretreatment with the natural product BCP can ameliorate the deleterious effect of cisplatin on kidney injury through a CB 2 receptor dependent pathway. Our results combined with the known antineoplastic and chemotherapeutic potentiating effect of this agent make this compound an excellent candidate for clinical drug development. Given the excellent safety profile of BCP in humans it has tremendous therapeutic potential in multitude of diseases associated with inflammation and oxidative stress, which warrants further exploration. 
